Two methods are proposed for the mapping of cracklike flaws in homogeneous, isotropic, elastic media. The methods require as input data the travel times of diffracted ultrasonic signals. The first method maps points on the crack edge by a process of triangulation with the source and receiver as given corner points of the triangle. By the use of travel times for neighboring positions of the source and/or the receiver, the direction of signal propagation, which is the necessary eonstitutent required to complete the triangle, can be computed. The inverse mapping is global in the sense that no a priori knowledge of the location of the crack is required, The second method is a local edge mapping which determines sets of planes relative to a known point close to the crack edge. Each plane contains a flash point. The intersection of the envelopes of two sets of planes maps an approximation to the crack edge.
INTRODUCTION
The field generated by scattering of ultrasonic waves by Two methods are proposed in this paper. In the first method, which is a global triangulation method, the source and the receiver are given corner points of the triangle, and we compute the flash point as the third comer point. The triangle may be completed if the direction of the stationary ray path is known at either the source or the receiver. This direction can be computed by measuring the spatial gradient of the travel time. The crack edge may be mapped by locating a sufficient number of flash points. The second method is a local mapping technique. It is local in the sense that a base point near the crack must be known a priori. This base point can be determined by the global triangulation method. The travel times corresponding to several different source-receiver pairs form surfaces on whose intersection the flash points must be located. To a first approximation, the surfaces can be replaced by planes, whose intersection is easily computed. By iteration, the solution converges to a section of the crack edge. Numerical tests of the method have been carried out by the use of synthetic data.
It is assumed that the travel times for all relevant stationary ray paths can be measured. This may not be possible for some diffracted signals, whose arrival times may be too close to that of preceding signals. In this ease the relevant arrival time may be inferred from measurement of the spacing of peaks in the high-frequency interference spectrum.
For more details, the reader is referred to Achenbach and Norris. a Finally, we note that throughout the paper the source and the receiver have been assumed separated, i.e., the measurement method is pitch-catch. The analysis can easily be modified to accommodate pulse-echo data.
I. GLOBAL TRIANGULATION
If an observed signal is known to emanate from a flash point, then the inverse problem of mapping the scatterer may be viewed as a problem of triangulation, i.e., completing the triangle with comer points at the source, the receiver, and the flash point. The positions of the source and the receiver and the time delay between emission and reception of the diffracted signal are known. In the following it is shown that knowledge of the signal propagation direction at either the source or the receiver is generally sufficient to complete 
Also, we define the vector X from the source to the receiver X = x e -xs. The dilemma of choosing the vector p from the pair p+ and p-can usually be resolved quite simply. For example, if a =/• and es, e o, and X are all coplanar, then the only difference in p+ and p-is in their components normal to this plane, i.e., only one of them is directed into the solid. However, if the source and receiver are on opposite sides of a slab with parallel sides, such that es and e o are parallel to one another but perpendicular to X, then extra information is required to choose between p+ and p-.
In summary, we have three alternative methods of determining the unit vector p {or equivalenfiy q}. The first method Ill consists of shifting the source transducer in two directions tangential to the body surface, and forming directional derivatives of the travel time to the fixed receiver. In the second method Ill), the roles of the source and receiver are reversed, i.e., the latter is shifted while the former is not.
In the third method (III}, both source and receiver are shifted, but each in only one direction. If the received signal is mode converted, and in addition To > srX, then only one of methods I and II will produce a unique flash point. The correct method is the one in which the endpoint corresponding to the faster wave speed is kept fixed; for example, if a = L and/? = T, then it is method II.
C. Error analysis
In practice the inversion result will be incorrect due to experimental and computational errors. The former are the inevitable result of inaccurate measurements of such quantities as the source position, the delay time of the first arriving signal, etc. It is assumed that errors due to inhomogeneity of the host m.aterial and variations of the wave speed along the ray path are negligible. Often this may not be the case, which may lead to errors on the order of magnitude of the size of the scatterer. We define the computational errors as those incurred in using the finite difference approximation to the gradients. For the moment we consider all errors together and find the resultant error in the flash point position.
We consider the inversion using method I for arbitrary type of the emitted and received waves. Without loss of generality we may assume that the source is shifted in two ortho- by an amount h. The travel time for the first diffracted signal is again calculated. We note that the flash point position will be slightly different. Now the receiver is shifted in the same direction by the same amount and the travel time is calculated. These three travel times provide sufficient information with which to form gradients according to Eq. {17), and then use method IlI to invert to find the flash point. For h = 0.1, 0.5, 1, and 2, the results of the inversion and its accuracy are given in Table I . We observe the expected linear error growth with h, in agreement with Eq. (51 ). Also, we note that the calculations do not involve Poisson's ratio explicitly, since the travel time and the longitudinal wave speed occur only in the combination c• To, which is equal to the ray path length. The other data in Table I 
II. LOCAL CRACK-EDGE MAPPING
The methods discussed above are useful for identifying single points on a scatterer. In order to determine the size and shape of the scatterer, we would have to repeat the inversion procedure a number of times. Each inversion produces one point, the flash point, so that eventually we would hope to have enough points to characterize the scatterer. In the present section we discuss an alternate method of mapping the scatterer. This method is again based on transit times from source to receiver via a flash point. However, instead of using single transit times to produce single flash points, we now use a set of transit times to simultaneously produce a set of flash points. Essentially, the method is an iterative procedure based on Newton's method of approximation. To start with, we assume that a point x o near the scatterer is known. that the sources and receivers may be identical, corresponding to pulse-echo measurements. Suppose that an initial point x o has been determined by the method of triangulation, or some other a priori procedure. Our starting point for the local edge mapping is to assume that the flash points lie on planes specified by Eq. (64). Then all of the planes considered pass very close to the crack edge; in fact they envelope a curve which is an approximation to a segment of the crack edge. The inversion thus reduces to finding the congruence of all planes. If we had an infinite number of sources and receivers located arbitrarily on a sphere of very large radius with the crack at the center, then the congruence would be a smooth closed curve. Since our data is finite, we will obtain a polygon of points which approximate a segment of the crack edge. If the geometry of the problem is two dimensional, then the crack is completely specified by the two flash points at either end of the crack. The planes become lines and the edge mapping reduces to finding the intersection of the lines. We refer the reader to Reft 5 for a complete discussion of the two-dimensional problem.
Let us consider the general three-dimensional problem of constructing the crack edge. For simplicity we consider the following example. We take as our crack edge the ellipse x 2+4y 2--1=0, z=0. 
